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Abstract

We utilize monthly 1C data derived from coral archives in conjunction with ocean circulation
models to address two questions: 1) how does the shallow circulation of the tropical Pacific
vary on seasonal to decadal time scales and 2) which dynamic processes determine the mean
vertical structure of the equatorial Pacific thermocline. Our results directly impact the
understanding of global climate events such as the El Ni o-Southern Oscillation (ENSO). To
study changes in ocean circulation and water mass distribution involved in the genesis and
evolution of ENSO and decadal climate variability, it is necessary to have records of climate
variables several decades in length. Continuous instrumental records are limited because
technology for continuous monitoring of ocean currents has only recently been available, and
ships of opportunity archives such as COADS contain large spatial and temporal biases. In
addition, temperature and salinity in surface waters are not conservative and thus can not be
independently relied upon to trace water masses, reducing the utility of historical
observations. Radiocarbon (14C) in sea water is a quasi-conservative water mass tracer and is

incorporated into coral skeletal material, thus coral 'C records can be used to reconstruct
changes in shallow circulation that would be difficult to characterize using instrumental data.
High resolution A™*C timeseries such as these, provide a powerful constraint on the rate of
surface ocean mixing and hold great promise to augment onetime surveys such as GEOSECS
and WOCE. These data not only provide fundamental information about the shallow
circulation of the Pacific, but can be used as a benchmark for the next generation of high
resolution ocean models used in prognosticating climate change.

1. Overview

Instrumental and climate proxy records document an increase in surface temperatures over the
last ~125 years!!! as well as a recent change in the frequency and intensity of E1Ni o -
Southern Oscillation (ENSO) events®*!. A fundamental question is whether or not the
observed variation in climate characteristics such as temperature or El Ni o frequency is a
consequence of human activities or natural variability. To study changes in ocean circulation
and water mass distribution involved in the genesis and evolution of ENSO and decadal
climate variability, it is necessary to have records of climate variables such as sea surface
temperature or precipitation several decades in length. Such records do not currently exist
because technology for continuous monitoring of ocean currents (eg. satellites and buoy
arrays) have only recently been available and historical observations (ships of opportunity)
have large spatial and temporal gaps.

We have focussed our research toward two primary goals: the first is a better quantification
and documentation of the redistribution of surface waters in the tropical and sub-tropical
Pacific and the second is a better understanding of the sources of the water which upwells in
the equatorial Pacific. In a zonally averaged and simplified sense, there exists an upper
oceanic Hadley Cell in the Pacific: subduction occurs in the sub-tropics during the winter
season and this water ventilates the tropical thermocline where it upwells and returns to the
subducting regions through surface flow!®. These questions are important because modeling
studies have shown that changes in the thermal structure of the equatorial thermocline can
influence decadal variability of ENSO. In fact, of all the parameter sensitivity studies which
have been conducted with the coupled Zebiak and Cane model, changing the temperature
structure of the thermocline has the strongest influence on model behavior’”. Building on
observational evidence of Deser et al.,"! it has been hypothesized that temperature anomalies




originating at the sea-surface in the northern hemisphere subtropics can be propagated via this
sub-surface pathway and interact with the equatorial thermocline, changing the character and
sensitivity of ENSOU". Tritium and *He tracer data indicate that the ventilation time-scale of
the tropical thermocline is on the order of decades!®. It is a logical extension to hypothesize
that the intergyre exchange between the subtropical subduction zones and the tropical
thermocline could determine the decadal-scale climate character of the tropical Pacific.

1.1 Oceanographic Setting

The tropical ocean-atmosphere system exhibits a systematic and relatively irregular
interannual variability, the dominant mode of which is the atmosphere s Southern Oscillation
and its ocean companion, E1 Ni o', The tropical ocean and atmosphere are intimately
coupled through the interaction of the surface winds and the underlying SST field. The mean
southeasterly trade winds combined with surface heating results in a buildup of warm surface
water in the western tropical Pacific, the Pacific warm pool. The accumulation of warm
water at the western margin of the Pacific Ocean drives tropospheric circulation by creating
deep convection aloft. In the east, the trade winds induce shoaling of the thermocline and
outcropping of colder isotherms, primarily of the Equatorial Under Current. This east-west
sea surface temperature (SST) gradient is accompanied by a concommitant sea-height slope of
several 10s of centimeters and a basin-wide slope to the thermocline: deeper in the west and
shallower in the east. When the trade winds relax or even fail, the warm water normally
constrained to the western margin migrates back down the geopotential slope. At such time
the normally cold eastern equatorial Pacific is warmer than normal due to a reduction or even
cessation of upwelling and a deepening of the thermocline. Indonesia (and Australia)
experiences drought whereas the normally arid central equatorial Pacific may receive several
meters of rain (Figure 1). Corresponding changes also occur under the South Pacific
Convergence Zone and the inter-tropical convergence zone in the eastern Pacific.

Contemporary research has determined relationships or patterns associated with the
displacement of the major convective centers such as the Indonesian Low. Variations in the
location and intensity of the Indonesian Low impacts the redistribution of sensible and latent
heat as well as potential precipitable water within the atmosphere . This "wholesale"
redistributionaffects the structure of the planetary waves and thus is able to orchestrate far-
field temperature and precipitation responses. In this fashion, the tropical Indo-Pacific is
linked to the extra-tropics in both hemispheres via teleconnections.

1.2 Radiocarbon in the Ocean

The distribution of radiocarbon (“C) in the surface ocean is a sensitive indicator of ocean
circulation. Radiocarbon is produced in the stratosphere by the collision of nitrogen atoms
with thermal neutrons produced naturally by cosmic rays or artificially by atmospheric
nuclear bomb testing. Atomic “Cis rapidly oxidized to “C0, in the atmosphere and is
introduced into the surface ocean via gas exchange. The flux of radiocarbon to the deep ocean
is accomplished by convective processes, and by settling of particulate matter. Because the
residence time of water in the deep ocean is long enough to allow for significant radioactive
decay (**C half-life = 5730 y), the deep ocean is depleted in **C relative to the surface ocean.
This contrast makes the distribution of radiocarbon in the surface ocean particularly sensitive
to vertical mixing and subsequent lateral exchange.



Normal WALKER CIRCULATION CELL El Niiio

>

Precip Anomaly

Precip anom (mm/day)

Normal El Niiio

Figure 1. A schematic of the nature of the coupled tropical ocean-atmosphere system. Upper
panels depict non-El Ni o (normal or La Ni a) precipitation and sea surface temperatures

(left) and El Ni o conditions (right). Warm water in the western equatorial Pacific localizes deep
convection which exports latent and sensible heat to both hemispheres. The corresponding winds
have both a meridional (Hadley Cell) and zonal (Walker Circulation) component, which includes
the surface trade winds. Middle panels are the respective SST and precipitation anomalies
observed during the 1982/1983 ENSO. Lower panel is equatorial subsurface data from the
TOGA/TAO array (courtesy of PMEL, NOAA) and exemplifies the shift in thermocline tilt and
depth during an ENSO cycle that conspires to suppress upwelling in the eastern equatorial
Pacific.

Since the 1950s, excess production of C from nuclear weapons testing and its subsequent
invasion into the surface ocean has augmented the difference between the surface and the deep
ocean. Over this time frame radioactive decay and biological processes have minimal impact

14 b . . .
on surface water ~ " C, and as a consequence “Cisa quasi-conservative tracer which
effectively tags water masses. The use of 'C as a global ocean circulation tracer was a




primary objective of the study of the distribution of natural and bomb-produced "C in the
Geochemical Ocean Sections Study (GEOSECS) of the 1970s!!) and of the present day World
Ocean Circulation Experiment (WOCE!'?), Radiocarbon measurements of coral skeletal
material which accurately records “'*C of £CO,!">'¥) have added important information to

water sampling programs. The '%C in the coral aragonite skeleton reflects seawater
radiocarbon content at the time of deposition and as such measurements in corals make it
possible to reconstruct the radiocarbon content of the surface ocean back to pre-bomb and
pre-industrial values!'>!'¥). High-resolution coral-based time-series have clearly identified a
time-varying surface water gradient of post-bomb “C from the equator toward the temperate
latitudes with a total dynamic range in excess of 220 . The distribution represents upwelling
of low **C water from the lower thermocline in equatorial regions, with migration of the e
rich surface water toward higher latitudes. Using coral time-series we have demonstrated that
for the surface ocean, where radiocarbon gradients are highest and transport is rapid that
temporal variability is of the same order as spatial variability a fact lost in discrete analyses
like GEOSECS or WOCE.

2. Analvtical Methods

After identifying both in terms of an oceanographically significant context, and potential
quality (eg. length, continuity) of the potential coral record, the coral is cored with an
underwater drilling apparatus. Coral cores (nominally 8mm diameter) are cut into ~lcm slabs,
cleaned in distilled water, and air-dried. Visual inspection is performed to identify regions
infilled or disturbed by boring organisms. X-radiographs are taken in order to clarify the
skeletal architecture and to document density variations. After identifying the major vertical
growth axis, the coral is sequentially sampled at 1-mm (or 2-mm) increments with a low-speed
drill. Splits (~1 mg) are reacted in vacuo in a modified common acid-bath autocarbonate device
at 90;C and the purified CO, analyzed on a gas source stable isotope ratio mass spectrometer

(-0.05 1-0). Strontium to calcium ratios are also determined on ~1mg splits using an
inductively coupled plasma atomic emission mass spectrometer (ICP-AES) following the
methodology of Schrag!'*]. Analytical precision based on an in-house homogenized coral
standard is —0.2% equivalent to ~0.3;C.

For the data that we have generated, the remaining sample splits (nominally 8-10 mg) are
placed in individual reaction chambers, evacuated, heated, and then acidified with
orthophosphoric acid at 90;C. The evolved CO; is purified, trapped, and converted to
graphite in the presence of cobalt catalyst in individual reactors!'®). Graphite targets were
measured at the Center for Accelerator Mass Spectrometry, LLNL!'7). Radiocarbon results

are reported as age-corrected A4C () as defined by Stuiver and Polach!!l,

Coral chronology has historically relied upon the presence of annual high- and low-density
band couplets!'®! or the seasonal variability in coral 8"3C which has been interpreted to reflect

surface irradiance!?®). Independent chronologies based on these two methods on the same
coral specimen tend to agree within a few to 6 monthst*!. Such an age-model is not adequate

for high-resolution A'*C records where one of the ultimate goals is to compare the observed
time-series and those simulated in high-resolution ocean models. We create a preliminary age-

model using sclerochronology (ie. banding) and 8"C variations, but in order to obtain the best

timescale and because we are not interested in the coral 5'°0 and [St/Ca] as an independent
measure of temperature!!®], we refine our age-models by correcting the preliminary age-model



through 8"%0 and [Sr/Ca] comparisons with instrumental records of SST and or precipitation
(Figure 2). Because the oxygen isotopic composition of the coral responds to not only
temperature but salinity, or more accurately 8’80“, variations, it is necessary to use both the
8"%0¢or and [St/Ca]cora data to derive an accurate age-model depending on the phasing of the
local SST and salinity (precipitation) seasonal cycle. In fast growing corals where there is
strong seasonality in either precipitation and or temperature, the corresponding age-model can
have an error on the order of —1 month.
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Figure 2. Refined coral chronology through the use of 8°0 and available instrumental data. A
preliminary 8°C - sclerochronology model was created and then optimized by matching peaks
and troughs in 8°0 corresponding to SST, and to some extent salinity variations'”.

3. Coral Time-series Results and Discussion

Corals act like strip-recorders continuously recording the radiocarbon content of the waters in
which they live and thus it is possible to use records derived from these biogenic archives to
study lateral mixing'??! and vertical exchange processes®>?. Although the idea of using corals
as recorders of the "*C content of waters is not new, our application of sub-annual multi-
decadal studies is novel. Previous coral-based studies tended to be based on annual and bi-
annual sampling!®'¥), or a few-years of sub-annual samples!®>). This difference in part due to
the advantages afforded by accelerator mass spectrometry (throughput, and sample size) and
the foreknowledge that in order to study seasonal dynamic processes (eg. upwelling or winter-
time Ekman pumping) that coarse sampling could bias or miss the desired signal. We use sub-
annually resolved records to gain a window into subsurface processes when our site is chosen
for this purpose.

Our work in the Pacific has focussed on sites within the equatorial wave-guide, the extra-
tropics, and most recently the Indonesian region (Figure 3). In a general sense, one can think
of the sea-surface jemperature as reflecting A"C. The upwelling in the eastern tropical Pacific
exposes water from the equatorial undercurrent, a subsurface water mass that flows west to
east bounded approximately by the 24 and 26 potential density surfaces (isopycnals, kg-m-3).
This water is derived from subduction of surface water in the sub-tropics and water entrained
from greater depths in the tropical thermocline. The sub-tropics water brings higher bomb-
produced 'C levels from the sea surface down into the undercurrent. The entrained
component mixes colder, low-'*C water into the undercurrent, and augments the contrast in




“14C between the undercurrent and the sea surface. This water is then advected to the warm

pool where it mixes with high '*C water from the subtropics.

Pacific Coral 14C Time-Series Sites
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Figure 3. Location of coral sites where we or others are actively working on developing 14C time-
series. Mean annual sea surface temperature and general surface current pattern is also shown.

High resolution coral **C studies by Moore et al.,[28 and Guilderson et al.,[*2! demonstrate
the utility of "C time series in corals to study the dynamics of ocean circulation over multi-

decadal time scales. Our continued objective is to document “c variability in the surface
ocean in the Pacific by making measurements on additional coral samples, and to determine
how that variability relates to shallow circulation and mean vertical structure of the tropical
Pacific. We have completed post-bomb (~1950 to present) time series from Nauru (166;E
0.5;S) and Guadalcanal (167;E, 7;S) in the westemn tropical Pacific; Rarotonga (21;S, 160;{W)
and the Big Island of Hawai i (20N, 156;W) in the subtropics; and a multi-decadal record
from Galapagos (90;W, 0;) in the eastern equatorial Pacific (Figure 4). In general, the
subtropics (Rarotonga, Hawai i) have higher e reflecting longer mean residence time of

surface water in the gyres and higher air-sea exchange. “C in eastern equatorial Pacific
surface waters (Galapagos) are lower and due to the subsurface pathway of the Equatorial
Undercurrent and entrainment of deeper thermocline waters which feed the upwelling in this
region. Radiocarbon values in the warm pool region (Nauru, Guadalcanal) are intermediate
between the higher subtropics and those in the east. ‘

Our data show both the long-term increases in Hc reflecting oceanic uptake of bomb derived
'C and high amplitude seasonal to interannual variations associated with changes in
circulation. The post-bomb ~'“C maxima in the subtropics occurs in the early 1970s whereas
at Nauru, Guadalcanal, and Galapagos it is delayed by 10 years. The delay is a consequence
of the subsurface history of waters upwelling in the east and the subsequent advection and
mixing of this water in the west. Superimposed upon these long-term trends is seasonal to
interannual variability, which reflects ocean dynamic processes. At Nauru and Guadalcanal
these high amplitude variations reflect the cross-basin advection of surface waters in the
tropical Pacific in conjunction with ENSO whereas the Galapagos “'*C record reflects



variations in upwelling intensity. Variability in the subtropics primarily reflects vertical
exchange concomitant with winter-time Ekman pumping.
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Figure 4. High-resolution coral-based Al14C timeseries in the Pacific reflect the invasion of
bomb-14CO2 (slow trend) and ocean dynamic processes (higher frequency variations).

Our own work on corals from the tropical Pacific is best illustrated using a coral record from
Nauru Island. The temporal variability in the coral from Nauru is comparable to the spatial
variability from tropics to mid-latitudes described by WOCE and GEOSECS. The temporal
variability at Nauru is not a local or coastal signal due to upwelling around the island as it does
not correlate with seasonal changes in wind stress that might drive coastal or island-induced
upwelling. If upwelling near coastlines were an important effect, this would require that large
volumes of water enter the mixed layer from great depths (i.e. lower thermocline), as vertical
gradients in radiocarbon are relatively small above the thermocline. Since air-sea isotopic
equilibration (gas exchange) occurs too slowly to account for large variability over time scales
shorter than one year (it is roughly an order of magnitude slower than the seasonal cycle), a
dynamical process internal to the ocean must be responsible.

The general pattern of interannual radiocarbon variability is strongly associated with ENSO,
as seen in the comparison with the Ni 0-3 index (Figure S). During ENSO warm events

(including during the pre-bomb period), the *“C value at Nauru increases, and continues to




rise for several months this is followed by a large and rapid decrease, and then a return to
mean values. In a simple sense, this pattern can be understood from a conceptual model of
ENSO. As a warm event begins, the upwelling of deep, radiocarbon-poor water from the
upper thermocline is diminished, causing an increase in A'"C in the eastern pacific.
Amplifying this factor, the transport time of eastern Pacific water to the Nauru site is longer
as tradewinds decrease in strength, allowing for more invasion of bomb-radiocarbon from the
atmosphere. If westerlies develop along the equator at the western margin, this will mix in
off-equatorial waters with much higher radiocarbon content, also causing an increase in AYc

values at Nauru. The large drops in A"C following the ENSO warm events are consistent
with the re-establishment of the tropical waveguide following an El Nino event. In this
situation one expects an increase in upwelling, and an increase in the strength of westward-
flowing currents, basically bringing more water with lower radiocarbon into the eastern Pacific
sea surface, and then transporting that water more rapidly to the west with less time to
exchange with the atmosphere.
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Figure 5. A™C time-history from Nauru Island in the Western Equatorial Pacific and the Nino-3
SST anomaly index. Interannual variability at Nauru reflects a redistribution of surface waters in
concert with ENSO. During an El Nino event, equatorial tradewinds slacken which reducd the
amount of low-14C eastern equatorial Pacific water advected into the warm pool region. In
addition the reduction in sea surface height affords increased infiltration by higher-14C northern
subtropic surface waters.

4. Future Directions and Impact

The tracer data that we generate can identify specific changes in the shallow circulation that
occurred prior to the implementation of moored arrays instituted in the mid 1980s, and would
be difficult to characterize with existing instrumental data. An obvious extension of studies
such as those briefly documented here is to constrain fractions of water-masses mixing in a
particular region, or with into particular water-mass.




In addition, comparison of model results with observations of radiocarbon and other tracers is
an effective way to identify problems or deficiencies in models, and ultimately leads to
improved modeling skill*"?¥] particularly with respect to vertical exchange processes which
are relatively poorly represented in most ocean models. Thus although the data provides
fundamental information on the shallow circulation in and by itself, the true strength is a
combined approach which is greater than the individual parts; the data helps uncover
deficiencies in ocean circulation models and the model results place long A'“C time series in a
dynamic framework which helps to identify those locations where additional observations are
most needed. The time history of A'C is a direct record of the invasion of fossil fuel COp

and bomb "*C into the oceans. Therefore the A'*C data that are produced in studies such as
ours can be used to study the ocean uptake of fossil fuel CO?2 in coupled ocean-atmosphere
models?%%%],
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